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Genomes encode numerous small RNAs, but the
function of these molecules has been elusive. Recent
studies show that two distinct microRNAs regulate
programmed cell death, and provide new mecha-
nisms for the regulation of animal development.
MicroRNAs (miRNAs) were initially discovered using
genetic screens for defects in developmental timing in
the nematode Caenorhabditis elegans. While the first-
identified miRNAs, lin-4 and let-7, were quite unique
when they were characterized [1,2], the discovery of
numerous 21–25 nucleotide RNAs in diverse animals
suggests that miRNAs are conserved regulators of bio-
logical processes [3–5]. Two mechanisms of miRNA
action have been described. The lin-4 and let-7
miRNAs interact with target RNAs in a partially com-
plementary manner, and inhibit gene function by sup-
pressing protein translation of their target [6,7].
Alternatively, small RNAs that contain perfect comple-
ments to mRNAs target these transcripts for cleavage
and destruction [8–10] — the process exploited in RNA
interference (RNAi). Although miRNAs are conserved
through evolution and are a subject of intense investi-
gation, genetic evidence supporting the biological
importance of miRNAs has been sparse.
Two recent papers have identified mutations in two
miRNAs, mir-14 and bantam, and have implicated both
of these miRNAs in programmed cell death in the fruit
fly Drosophila melanogaster [11,12]. This discovery
could be quite significant, as many of the genes that
regulate apoptosis have been conserved between flies
and humans, and defects in normal cell death can lead
to a variety of disorders including cancer [13]. As in
previous studies that identified functions for miRNAs,
mir-14 and bantam were both isolated using a forward
genetic approach. A mir-14 mutant was identified in a
screen for genes that modify programmed cell death in
the eye [11]. Mutations in mir-14 enhance cell death
induced by expression of the pro-apoptotic regulator
Reaper. This enhanced cell death phenotype is sup-
pressed by the addition of a mir-14 transgene, and
additional copies of this transgene further suppress the
Reaper-induced cell killing. Furthermore, co-expres-
sion of mir-14 with the apoptosis regulators Hid and
Grim and the caspase protease Dronc suppresses
their induction of cell death in the eye. The suppression
of eye cell death appears to be specific, however, as
co-expression of mir-14 with the caspase Strica and
the negative regulator of Ras Tramtrack does not sup-
press their eye ablation phenotype.
bantam was discovered in a genetic screen for
mutations that alter growth [14]. Although homozygous
bantam mutants are viable, these animals are small
and have reduced female fertility [12]. Studies of
bantam function during development were facilitated
by the construction of a novel ubiquitously transcribed
green fluorescent protein (GFP) sensor transgene. This
transgene contains two tandem complementary copies
of bantam in the 3′ untranslated region and, therefore,
sensor RNA is targeted for degradation by RNAi in
cells where bantam is transcribed. This sensor enabled
the illustration of a strong relationship between the
presence of bantam miRNA as a lack of GFP and cell
proliferation, and indicates that the small size of
bantam mutants is associated with bantam-mediated
regulation of the cell cycle [12]. In support of this con-
clusion, ectopic expression of bantam is sufficient to
induce cell proliferation.
Studies of vertebrates have demonstrated that
potent stimulators of cell proliferation such as the onco-
genes Myc and E2F can induce apoptotic programmed
cell death [15,16]. As bantam-triggered cell proliferation
is not associated with increased cell death, this raised
the possibility that bantam inhibits apoptosis. Consis-
tent with previous work [17], expression of E2F and its
co-factor DP induced over-proliferation of cells and
expression of active caspase 3 (Drice). Significantly, co-
expression of bantam with E2F and DP resulted in
enhanced cell proliferation and reduced levels of active
caspase indicating that bantam inhibits apoptosis [12].
Moreover, co-expression of bantam with Hid and
Reaper in the eye suppressed the eye ablation pheno-
type that is induced by these pro-apoptotic regulators.
Taken together, these data indicate that bantam and
mir-14 oppose apoptosis by modulating a similar
caspase activation pathway (Figure 1).
The identification of targets for miRNA-mediated
translational repression is not trivial, as these small
RNAs do not form a perfect complement with their
targets. In the case of mir-14, none of the cell death
transgenes that were suppressed in the eye contain
potential target sequences for mir-14. However, the
downstream effector caspase Drice does contain a
possible mir-14 binding site, and Drice protein levels
are elevated in mir-14 mutants [11]. While this does
not prove that drice is a mir-14 target, these data indi-
cate that Drice levels are at least indirectly regulated
by mir-14. It is reasonable to speculate that drice is
the target of mir-14, as Drice is required for at least
some cases of cell death in Drosophila [18]. This
hypothesis is also consistent with mir-14 suppression
of Reaper-, Hid-, Grim-, and Dronc-induced cell killing,
as Reaper, Hid and Grim activate caspases by inter-
acting with the caspase inhibitor Diap1 [19], and
Dronc is regulated by Diap1 [20]. 
Significantly, five putative bantam target sequences
are present in the 3′ untranslated region of hid, and all
five of these sequences are conserved in the predicted
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3′ untranslated region of hid in the related species D.
pseudoobscura [12]. This D. melanogaster 3′ untrans-
lated sequence of hid was fused to GFP to serve as a
sensor transgene, and the resulting pattern of expres-
sion indicated that bantam directly regulates hid. This
conclusion was supported by expression of hid RNA in
a specific pattern, which resulted in an identical
pattern of Hid protein and active caspase 3 (Drice)
expression. Strikingly, co-expression of bantam and
hid RNAs prevented expression of Hid and Drice pro-
teins indicating that bantam regulates apoptosis by
preventing Hid translation [12]. Therefore, both mir-14
and bantam miRNAs regulate programmed cell death
by inhibiting the activity of the core apoptosis machin-
ery that is conserved throughout animals (Figure 1).
Like bantam, mir-14 does not only function in pro-
grammed cell death. Mutations in mir-14 are semi-
lethal with most individuals dying during pupation [11].
mir-14 mutant larvae are sensitive to salt stress, and
surviving adult flies have a decreased lifespan. It is
unclear why homozygous mir-14 mutants have these
defects, but these additional phenotypes may be
related to the altered fat metabolism of the mir-14
mutants [11]. These mutants have extremely large lipid
droplets in their fatty tissue and elevated levels of dia-
cylglycerol and triacylglycerol even though all other
lipids tested were normal.
The discovery of mir-14 and bantam provides sig-
nificant advances in our understanding of miRNA
function in animal development, and also leads to
many new questions. Although bantam and mir-14
both modify cell death that is activated by ectopic
expression of apoptosis transgenes, some of these
transgenes lack the 3′ untranslated sequences that
are thought to be the targets needed for repression of
translation. An indirect regulatory mechanism may
therefore operate in modifying ectopic cell death in
the eye, but it should be noted that this regulation is
not likely to occur through modification of the
Ras–MAP kinase pathways that are known to regulate
Hid [11,12]. While studies of bantam function in cell
proliferation indicate that this miRNA must have a
target that regulates the cell cycle, computational
searches for possible targets were not successful,
and this suggests that an unknown negative regulator
of cell growth or proliferation must exist. Similarly, it
is unclear how mir-14 regulates lifespan, stress, and
fat metabolism. 
miRNAs appear to have complex temporal and
spatial patterns of regulation and, given the possible
mechanisms of action of these miRNAs, the descrip-
tion of a method to sense the pattern of expression
provides an important approach to monitor dynamic
changes in miRNA during development [12]. The
recognition that independent miRNAs function in cell
death suggests new levels of complexity in the regula-
tion of this critical cell response. It remains to be seen
whether miRNAs function in the regulation of human
cell proliferation and cell death, but if so, the implica-
tions could be profound. Given the number of miRNAs
in the genome, our limited knowledge of their biologi-
cal functions, and the possibility that numerous undis-
covered tiny RNAs may exist, this area of research is
clearly much larger than the small name indicates.
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Figure 1. miRNA regulation of programmed cell death.
Programmed cell death (apoptosis) is triggered by a stimulus
that activates Hid, Reaper and Grim. Hid, Reaper or Grim inter-
act with Diap1 preventing its interaction with the caspases
Dronc and Drice and its inhibition of their activation. bantam
binds to hid RNA preventing translation of Hid protein, and may
also regulate other unknown targets in this pathway (dashed
bracket on left). Similarly, while mir-14 regulates genes in this
pathway, its precise target is unknown (dashed bracket). It
should be noted that other genes function in this pathway
including regulators of Diap1 degradation and the Apaf-1 rela-
tive Dark that plays an important role in caspase activation.
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